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Communicated by Russell KreisInformation about the loads of total and soluble reactive phosphorus entering Lake Erie is required in order to sup-
port commitments made under Annex 4 of the Great LakesWater Quality Agreement. For these purposes, annual
(water year) total phosphorus loads to Lake Erie are updated (2003–2013) and soluble reactive loads are reported
on a lakewide basis for the ﬁrst time (2009–2013). Complete documentation including input data and error esti-
mates are provided. The results conﬁrmpreviously documented long-termdeclining TP loads and showhow these
are driven by early and recent improvements in point source discharges, but are confounded by recent increases in
nonpoint source loads that may in turn be due to increasing trends in precipitation and river discharge. The record
since 2009 for SRP indicates high interannual variability and no discernible change in loadings over time. Recent TP
loads are dominated by nonpoint sources (71%), with lower contributions from point sources (19%) and the bal-
ance comprising atmospheric deposition and loads from the upstream Great Lakes. Approximately one-half
(49%) of the load of SRP is contributed from nonpoint sources, approximately 39% comprises point sources, and at-
mospheric deposition and upstream loads comprise 6% each. Loads are highest to the western basin for TP and
highest to the Huron–Erie corridor for SRP. U.S. sources account for a majority (N80%) of the phosphorus loads en-
tering the lake. Recommendations for improvements to the study approach are made including the identiﬁcation
of monitoring gaps and the testing of assumptions that require independent veriﬁcation.
Crown Copyright © 2016 Published by Elsevier B.V. on behalf of International Association for Great Lakes Research.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Index words:
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Lake Erie1. Introduction
The 2012 Protocol to the United States–Canada Great Lakes Water
Quality Agreement (GLWQA) calls for the review and revision of
nutrient-related targets for theGreat Lakes, including the establishment
of nearshore and offshore water quality and tributary concentrations or
loadings goals in order to meet the General and Speciﬁc Objectives as
outlined in the Agreement. For Lake Erie, the commitments are time-
bounded; phosphorus loadings targets have recently been approved,
and the establishment of programs and policies needed to attain these
targets is to be completed by 2017.
The existing nutrient targets, set forth in the 1978 Amendment to
the GLWQA, were based on mass balance models that related in-lake
total phosphorus (TP) concentrations to TP loadings. Given the desired
trophic status of Lake Erie's western and central basins as mesotrophicx), alice.dove@canada.ca
B.V. on behalf of International Associand its eastern basin as oligotrophic, the loadings needed to achieve
the corresponding in-lake concentrations were established. The pro-
grams and measures that were instituted by both the United States
and Canada to meet these targets were largely successful at reducing
loadings to the Great Lakes, and in-lake concentrations have declined
(DePinto et al., 1986). Indeed, in all of the Great Lakes, with the excep-
tion of Lake Erie, the offshore environments have shown evidence of
phosphorus declines that have overreached their targets, resulting in
offshore oligotrophication (Dove and Chapra, 2015). Lake Erie phospho-
rus concentrations are now lower than maximum values observed in
the early 1970s, but they remain higher than targets, showhigh interan-
nual variability, and persistent nutrient issues remain. Symptoms of
excessive nutrient inputs include a resurgence of algal blooms including
harmful cyanobacteria in thewestern basin of Lake Erie (Michalak et al.,
2013; Stumpf et al., 2012) and increased hypoxia in the central basin
(Zhou et al., 2013). There is also some evidence that, despite a reduction
in overall loading of TP to Lake Erie over time, the proportion comprised
by themore bioavailable soluble reactive phosphorus (SRP) component
may be increasing (Daloğlu et al., 2012; Richards et al., 2010; Scavia
et al., 2014). In Lake Erie, the target TP load of 11,000 metric tonnes
per annum (MTA) (GLWQA, 1978) was achieved by 1981 (DePintoation for Great Lakes Research. This is an open access article under theCCBY-NC-ND license
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symptoms of eutrophication have re-emerged.
Phosphorus continues to limit Great Lakes productivity and is there-
fore themost appropriate parameter for nutrientmanagement (Bunnell
et al., 2005; Dove and Chapra, 2015). The recently approved phosphorus
loadings reduction targets for Lake Erie include a 40% reduction in
spring loads of TP and SRP for western basin tributaries to reduce harm-
ful algal blooms and a 40% reduction of annual TP loads for western and
central basin tributaries to reduce central basin hypoxia (Objectives and
Targets Task Team, 2015). The 2008water year is used as a reference for
calculating these reductions because calculated loadings for that year
were similar to the existing 11,000 MTA TP loading target for Lake Erie.
In order to be able to track progress and implement the necessary pro-
grams and policies to meet these objectives, it is necessary to have de-
tailed knowledge about TP and SRP loadings to Lake Erie. Previous
loadings estimates are contained in various reports in the primary litera-
ture and these have been used extensively by the Parties to the GLWQA
(theUnited States and Canada) in theirwork to assess progress and to ex-
amine and revise targets. Total phosphorus loadings to Lake Erie have
been estimated since 1967. These estimates have been based onmonitor-
ing and discharge data which have generally improved in quantity and
quality through time although some signiﬁcant shortfalls remain. Since
the 1980s in particular, improvements have been made to estimate
loads from unmonitored watershed areas as prescribed by PLUARG
(1978). Estimates for periods prior to 2009have beenpreviously reported
elsewhere. Fraser (1987) reported annual TP loadings from 1967 through
1973. Lesht et al. (1991) reported loads from 1974 to 1986 and included
basin-speciﬁc loads. Dolan (1993) reported loads from 1986 to 1990 by
country, and Dolan and McGunagle (2005) reported loads from 1991 to
2002 by basin. Most recently, Dolan and Chapra (2012) reported 1994–
2008 TP loads but without watershed-level detail for Lake Erie.
Here, we present the entire record (1967–2013) of TP loadings on a
lake-wide basis andwe provide basin-speciﬁc and country-speciﬁc allo-
cations for the period 2003–2013. We have calculated loadings for the
2009–2013 and have modestly updated the 2003–2008 work to reﬂect
new or adjusted information from the data sources. For the ﬁrst time,
we report on the loadings via the Huron–Erie connecting channel
corridor instead of including them with the western basin total. We
also present information about the two countries' contributions to the
total loads and how they have changed over time, and we also provide
details on a tributary-speciﬁc basis.
We provide a comprehensive overview of the methodology used to
be able to understand and continue to proﬁt from this information. Im-
portantly, we present new information about the loadings for SRP for
the time period 2009–2013, in order to assess spatial and temporal
loadings trends for this increasingly recognized component. Finally,
we make recommendations on improving the approach.
2. Methods
Total loadings of phosphorus are calculated as the sum of the loads
from point sources, tributaries, atmospheric deposition, and the
upstreamGreat Lakes. Point sources includemunicipal and industrial dis-
charges and are further divided into direct (i.e., those that discharge di-
rectly to Lake Erie, a connecting channel, downstream of a tributary
monitoring location, or an unmonitored watershed) or indirect (those
that discharge to a monitored watershed upstream of the monitoring
location). These two types of point sources need to be considered
separately. Indirect point sources are accounted for in the monitored
loads of tributaries but must be subtracted before computing the unit
area load that may be applied to adjacent or downstream watersheds,
as described further below.
Tributary monitoring accounts for all phosphorus delivered to the
lake fromwatersheds upstream of the monitoring locations. Tributaries
discharging to Lake Erie as well as the St. Clair–Lake St. Clair–Detroit
River connecting channel (hereinafter called the Huron–Erie corridor)are included in this work. Atmospheric deposition of phosphorus to
the land is accounted for in the tributary component, but direct deposi-
tion to the lake must be determined separately. Direct deposition
to each basin of Lake Erie and to Lake St. Clair is accounted for here.
Contributions from the upstream Great Lakes are taken as the loadings
delivered via the St. Clair River at the outlet of Lake Huron.
2.1. Data sources
All data were obtained directly from the agencies responsible for
collecting the information (Table 1). Point source discharges (monthly
average TP efﬂuent concentration and associated ﬂows) in the U.S.
were retrieved from either the Permit Compliance System (PCS) or its
replacement, the Integrated Compliance Information System (ICIS),
which began to replace PCS in 2006. Both systems are maintained by
the U.S. Environmental Protection Agency (USEPA) and are updated
by the individual states. Data for Canadian point sources were retrieved
from the Municipal and Industrial Strategy for Abatement (MISA) data-
base, which is maintained by the Ontario Ministry of the Environment
and Climate Change (MOECC).
Flow data were obtained as daily mean discharge. Data for U.S.
tributaries were retrieved from the National Water Inventory System
(NWIS) database, maintained by the Water Resources Division of the
U.S. Geological Survey (USGS). Data for Canadian tributaries were
retrieved from the Hydrometric Data (HYDAT) database, maintained by
the Water Survey of Canada, Environment and Climate Change Canada
(ECCC).
Tributary water quality data were retrieved from multiple sources.
State water quality monitoring data were obtained directly from
Michigan DEQ, Ohio EPA, NWIS, and the USEPA STORET database. The
Heidelberg Tributary Loadings Programoperated by theNational Center
for Water Quality Research (NCWQR) at Heidelberg University in Tifﬁn,
OH, provided high frequency monitoring data for rivers sampled in
their long-running program. In Canada, the Provincial Water Quality
Monitoring Network (PWQMN) operated by the MOECC provided
tributarywater quality data. For nine of these tributaries, more frequent
monitoring data were provided for 2012 and 2013 by ECCC's Water
Quality Monitoring and Surveillance Division (WQMSD) as part of
their sampling for the Great Lakes Nutrient Initiative (GLNI).
Atmospheric deposition data were retrieved as monthly values of
precipitation depth and TP concentrations from ECCC's WQMSD.
All input ﬁles that were used to calculate loadings for 2003–2013
will be provided in the Canadian federal data portal for the beneﬁt of
others who wish to see the details of the information used.
2.2. Load estimation
Lake loadings are calculated on a water year basis (i.e., October 1 of
the previous year through September 30 of the current year). Loading
rate (mass per time) is estimated as the product of a concentration
(mass per unit volume) and a ﬂow rate (volume per unit time). Total
loadings to the lake comprise the sum of point source discharges
(e.g., municipal sewage treatment plant efﬂuent or industrial efﬂuent),
atmospheric deposition, and contributions via tributaries and the
upstream Great Lakes.
2.3. Point sources
Dolan (1993) described the methods for estimation of point source
loads to Lake Erie as follows:
Loading ¼ 12
Xn
i¼1
Qici
n
where Loading = average annual P loading (MTA), Qi = the mean
Table 1
Listing of data sources.
Data type(s) Source agency Division Hyperlink (email contact)
Tributary discharge Environment and Climate Change Canada Water Survey of Canada-HYDAT http://waterofﬁce.ec.gc.ca/search/search_e.html?sType=
h2oArc
U.S. Geological Survey Water Resources Division-NWIS http://waterdata.usgs.gov/nwis/nwis
Tributary water quality Environment and Climate Change Canada Water Quality Monitoring and
Surveillance Division
http://open.canada.ca/en/
(wqms-info@canada.ca)
Heidelberg University National Center for Water Quality
Research
https://www.heidelberg.edu/academics/research-and-
centers/national-center-water-quality-
research/tributary-data-download
Michigan Department of Environmental Quality Water Resources Division http://www.mcgi.state.mi.us/miswims/
(DEQ-WEBMASTER@michigan.gov)
(DNR-MiSWIMS@michigan.gov)
Ohio Environmental Protection Agency Division of Surface Water http://www.epa.state.oh.us/dsw/SurfaceWater.aspx
Ontario Ministry of Environment and Energy PWQMN https://www.ontario.ca/data/provincial-stream-
water-quality-monitoring-network
U.S. Environmental Protection Agency STORET http://www3.epa.gov/storet/dbtop.html
U.S. Geological Survey Water Resources Division-NWIS http://waterdata.usgs.gov/nwis/nwis
Point source Ontario Ministry of Environment and Energy MISA https://www.ontario.ca/data/industrial-
wastewater-discharges
U.S. Environmental Protection Agency Water Division-PCS/ICIS http://www3.epa.gov/enviro/facts/pcs-icis/search.html
Atmospheric deposition Environment and Climate Change Canada Water Quality Monitoring and
Surveillance Division
(wqms-info@canada.ca)
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centration for the ith month (μgP/L), and n= the number of months of
monitoring for a particular year. This calculation is performed by outfall
for each facility, wheremultiple outfalls are summed for the entire facil-
ity for both municipal and industrial dischargers. Intermittent
discharges (i.e., sewage lagoons or retention basins) were adjusted to
account for only those months where a discharge occurred.
2.4. Tributaries
Phosphorus loading from tributaries is calculated in either of two
ways, depending on data availability. For tributaries sampled by
NCWQR, loads are estimated on a daily basis using the results of their
near-daily sampling. If a particular day has been sampled, the load is
the product of ﬂow and concentration. Loads for missing days are esti-
mated using one of two methods. For a gap of ﬁve days or less, the
load is estimated by simple linear interpolation. For gaps of more than
ﬁve days, a multiple regression model of log-load versus log-ﬂow,
with additional terms to account for nonlinearity and temporal trends,
is used to estimate missing daily loads (Richards et al., 2010).
For tributaries sampled by all other agencies, the Stratiﬁed Beale's Ratio
Estimator (Beale, 1962; Dolan et al., 1981; Tin, 1965) is used. This method
derives an estimate of the mean daily load from the ratio of the mean
daily load to themean daily ﬂow for the dates with water quality informa-
tion, multiplied by the annual mean daily ﬂow and an adjustment for bias:
~μy ¼ μx
my
mx
1þ 1
n
Sxy
mxmy
1þ 1
n
Sx2
mx2
0
BB@
1
CCA
where
~μy = estimated load,
μx =mean daily ﬂow for the year being considered,
my =mean daily load when samples were taken,
mx =mean daily ﬂow when samples were taken,
n= number of days when samples were taken,
Sxy ¼ 1n−1ð Þ
Xn
i¼1
xiyi−nmxmySx2 ¼
1
n−1ð Þ
Xn
xi2−nmx2
i¼1
xi = daily ﬂow for each day a sample was taken,
yi = daily loading for each day a sample was taken
Where sufﬁcient data were available (generally monthly or better,
with event-based sampling), discharge strata were developed to better
describe the relationship between water quality concentration and
discharge (Dolan and McGunagle, 2005). A positive relationship
between discharge and P concentration exists, and we sought to statis-
tically describe these discharge–concentration relationships.Where the
development of additional strata reduced the overall error of the
estimate, the loading was calculated separately for each stratum
and the total annual loading was taken as the product of the daily load
of the stratum and the number of days within each stratum, for each
year.
Loadings from unmonitored watershed areas were estimated using
a unit area load (UAL) approach (Rathke and McCrae, 1989). Brieﬂy,
the UAL (or yield, in loading per km2) is calculated from the upstream
or an adjacent monitored watershed and is applied to the unmonitored
area, excluding any indirect point sources from the UAL. The unmoni-
tored areas are typically comprised of small tributaries that ﬂow direct-
ly to the lake. Areas with several of these adjacent tributaries are
classiﬁed as a complex, generally situated between larger monitored
watersheds. Inmany cases, the tributaries containedwithin the complexes
are notmonitored for discharge. Although it has varied slightly fromyear to
year, in general approximately 28% of the total Lake Erie watershed area of
75,400km2 is notmonitored. The information contained in PLUARG(1978)
was used to guide the selection of adjacent watersheds to match land uses
as closely as possible for the application of UALs.
2.5. Atmosphere
Atmospheric deposition of phosphorus to Lake Erie was estimated
from monthly precipitation depth and TP concentration data collected
from three wet precipitation gauges located on the east shore of Lake
St. Clair and the north shore of Lake Erie at Point Pelee and Rock Point
by ECCC. Precipitation monitoring stations are further described by
Chan et al. (2003). A monthly unit area precipitation depth was
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sured ﬂux of TP to the lake. This ﬂux represents wet deposition only
and was doubled to account for dry deposition (Akkoyunlu and
Tayanç, 2003; Balestrini et al., 2000).
2.6. Soluble reactive phosphorus
Similar to TP, SRP loadings estimates for tributaries were performed
using the Beale's Ratio Estimator and stratiﬁed where the sufﬁciency of
data allowed.Wedid not assume a SRP:TP ratio but only used SRPwater
quality measurements where they were available. In some cases where
no data were available for an important tributary for a particular year,
the estimate from an adjacent year was used and adjusted using
the ratio of discharge between years. For tributaries monitored by
NCWQR, daily loads were summed with missing data estimated using
a linear interpolation or regression (as described for TP). Adjustments
for unmonitored watershed areas were performed using the UAL
approach, using the same watershed or nearest neighbor.
Because SRP is not routinely reported for point sources, a ratio of SRP
to TPwas applied. A similar approachhas been used to estimate chloride
loadings in this manner (Maccoux et al., 2013). Based on data from
several Midwestern U.S. municipalities, it has been determined that
SRP accounts for approximately 70% of TP in municipal point source
efﬂuent; this relatively high ratio is due to the high biological activity
of efﬂuents. This ratio was also applied to industrial point sources
(Dolan and Chapra, 2011).
For atmospheric estimates, it was assumed that SRP accounted for
approximately 70% of the wet deposition, with no dry deposition. This
resulted in SRP being estimated as 35% of the total TP (wet and dry)
load (Dolan and Chapra, 2011).
2.7. Input from Lake Huron and upstream Great Lakes
Earlier estimates of interlake transfer of TP from Lake Huron to Lake
Erie via the St. Clair River had been ﬁxed at 1080 MTA, based on
estimates using data from 1974 to 1975 (Upper Lakes Reference Group,
1977). These estimates were signiﬁcantly updated by Dolan and
Chapra (2012), employing amass balancemodel for the Great Lakes sys-
tem (Chapra and Dolan, 2012). Flow data for the St. Clair River were
combined with observed Lake Huron TP and SRP concentrations from
spring ECCC open lake cruises to estimate the interlake transfer. The
most recent estimates for 2008 of 321 MTA for TP and 155 MTA for
SRP (Dolan and Chapra, 2011) were adopted here to represent this
situation.
2.8. Statistical analysis
A statistical assessment of trendswas performedusing JMP10.0 (SAS,
2012) by conducting a linear regression of natural log-transformed total
and nonpoint source loads versus year. Change-point analysis was
conducted using a non-linear modeling package, ﬁtting a two-segment
regression line to the log-transformed loads versus year. Signiﬁcance
was assessed at the α= 0.05 level.
2.9. Error estimates
There are a number of types of errors that are invoked here; only
some of these can be estimated and interpreted. The statistical error,
which describes the variance of the input data and the associated
error in calculating the total load, is provided here as the standard
error. Standard errors of the overall estimates are calculated as the
square root of the sum of the variances or mean square errors of each
source type, and these are presented in the accompanying tables for
each of the calculated loading components. The overall accuracy of the
estimates is more difﬁcult to determine as it is related mainly to the
adequacy of the underlying sampling programs. Dolan et al. (1981)evaluated various tributary loading estimation methods and concluded
that Beale's Ratio Estimator provided the best estimates based on both
bias (deﬁned as the difference between the estimate and true mean,
i.e., accuracy) and precision. Recommendations are provided below on
the minimum requirements for a sampling program designed to accu-
rately estimate tributary phosphorus loadings.
Approximate conﬁdence intervals for the total load are constructed
with the standard error and effective degrees of freedom, as described
by Rathke and McCrae (1989), and are based on the Student's t proba-
bility density function. The Student's t cumulative distribution function
was used to estimate the probability of exceeding the target load in each
year, based on the ratio of the difference between the estimated load
and the target load compared to the standard error estimated for that
year. It is difﬁcult to evaluate the degrees of freedom best used for any
particular year because the quantity of the data varies considerably be-
tween tributaries, although we note that the choice only impacts the
calculated error terms which are one component of the overall error
and does not impact the accuracy of the underlying data as described
further below. An estimate of 40 degrees of freedom is used here to be
consistent with previous efforts (Dolan and Chapra, 2012) and to dem-
onstrate the higher frequency of data available for some Lake Erie trib-
utaries (e.g., NCWQR and WQMSD GLNI sampling) compared to the
other Great Lakes (12 degrees of freedom was used for the other Great
Lakes in Dolan and Chapra, 2012).
3. Results and discussion
A graphical representation of TP loadings over the entire period of
record (1967–2013) is provided in Fig. 1, which also shows temporal
changes in the contributions of the different source categories, and a
numerical summary is provided in the Electronic SupplementaryMate-
rial (ESM) Appendix S1. A numerical summary of updated (2003–2008)
TP loadings is provided in Table 2, showing the annual (water year)
loads by source category and by country. Table 3 provides the details
for the Huron–Erie corridor, which accounts for the watersheds
draining into the St. Clair River, Lake St. Clair, and the Detroit River.
The information for the western, central, and eastern basins of the
main body of Lake Erie is provided in Tables 4, 5, and 6, respectively.
3.1. TP loading
Loading of TP to Lake Erie for the 11-year period from 2003 to 2013
ranged from 5839 to 11,946 MTA, with a mean of 9125 MTA (Table 2).
The 2010 loading estimate of 5839 MTA was a record low. For the
11 years reported here, the target load of 11,000MTAwas only exceeded
twice and only by a small margin. The 2007 load (11,538MTA) exceeded
the target by 5% and the 2011 load (11,946 MTA) by 9%. With the excep-
tion of the very low load estimated for 2010, valueswerewithin the range
reported by Dolan and Chapra (2012) for the period from 1994 to 2008.
There is a high probability that the target loading was exceeded for TP
in both 2007 and 2011 and a high probability that the target load was
not exceeded in any of the other years from 2003 to 2013 (Table 7).
Dolan and McGunagle (2005) presented a segmented regression
model of TP loading over time and demonstrated that total loading
declined steeply between 1967 and 1990 and that the rate of decline
slowed for the period 1991–2001. We extend the trend here (Fig. 2)
to provide total loadings from 1967 to 2013. Results of a two-segment
piecewise regression on the log-transformed total load over time con-
ﬁrm an initial decline followed by a period of no change. The 95% conﬁ-
dence limits on the model indicate that the change point occurred
during the period 1980–1991, with maximum likelihood of 1987.
Prior to that time, total loadings declined signiﬁcantly (p b 0.001) at a
rate of 5.3% per year. Since 1987, total loadings have declined at a rate
of 0.1% per year and this change is not statistically signiﬁcant (p =
0.98). In other words, total loadings show high interannual variability
and no signiﬁcant change over the most recent 26 years (Fig. 2).
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Fig. 1. Total phosphorus loads (MTA) to Lake Erie by source type (1967–2013). No source type attribution data are available prior to 1974.
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the western basin, from both the Huron–Erie corridor (25%) and from
tributaries and point sources discharging to the western basin itself
(35%). Inputs to the central basin account for about 28% of the total
lake TP load and those to the eastern basin account for an average
of 12%. This distribution of loads between the basins has not changed
appreciably over time (Fig. 3).
Nonpoint source loadings dominate the total load, contributing an av-
erage of 71% of the TP load to the lake for 2003–2013. Point sources
discharging into tributaries contribute an additional 5% of the total load,
so that 76% of the TP load entering Lake Erie is discharged via
tributaries. An overview of loads from the major tributaries, together
with the composition of loads in each basin, is provided for TP graphically
in Fig. 4.
Industrial and municipal point source loadings account for approxi-
mately 19% of the total loading, with the majority of this (14% of the
total lake load) contributed directly to the lake or downstream of tribu-
tary monitoring stations and the remainder (5%) discharged upstream
of tributary monitoring locations. Atmospheric loading accounts for an
average of 6% of the total load, and the input from the upstream Great
Lakes accounts for approximately 4% of the total.Table 2
Total phosphorus loading estimates (MTA) to Lake Erie (2003–2013) by source with standard e
load is zero or rounds to zero. All values rounded to nearest whole number (numbers below o
2003 2004 2005 2006 2007
Load S.E. Load S.E. Load S.E. Load S.E. Load
United States
Monitored Tributary 3870 65 3769 60 4687 145 3884 76 6211
Adjustment for Unmonitored Area 1026 32 1384 60 1224 84 1159 39 1730
Direct Industrial Point Source 7 0.6 8 0.7 7 0.5 7 0.8 13
Direct Municipal Point Source 1169 41 1321 40 1353 53 1389 53 1427
Indirect Industrial Point Sourcea 31 3 27 2 25 2 31 2 33
Indirect Municipal Point Sourcea 314 12 372 7 351 6 366 8 366
U.S. Total 6072 83 6482 93 7271 176 6438 101 9381
Canada
Monitored Tributary 572 84 1204 79 662 32 891 90 1041
Adjustment for Unmonitored Area 122 20 363 35 158 14 239 43 280
Direct Industrial Point Source 27 3 28 2 23 1 25 0.9 24
Direct Municipal Point Source 53 3 54 2 61 3 56 2 54
Indirect Industrial Point Sourcea 0.0 0.0 0.4 0.1 0.5 0.1 0.6
Indirect Municipal Point Sourcea 88 2 87 2 90 2 96 2 89
Canadian Total 774 87 1648 87 904 35 1211 100 1400
Atmospheric 813 150 511 78 363 62 632 140 432
Input from Lake Huronb 366 364 354 335 325
Basin Total 8024 193 9006 150 8892 190 8617 200 11,53
a Included in monitored tributary.
b 2003–2008 from Chapra and Dolan (2012); constant load used after 2008.Point source loadings of TP have decreased over time (Fig. 1). Munic-
ipal sources dominate point source loadings (N95%) and are driving this
downward trend. Industrial sources have remained relatively constant
with an average of 58 MTA. The decline in point source loadings has oc-
curred at rate of approximately 3.3% per year over the entire 1974–2013
record (p b 0.001); however, the trend has not been linear. In the
1970s, direct point sources declined dramatically, with an 80% reduction
observed from 1974 to 1982 (annual slope=−20%, p b 0.0001). During
the 1980s until the late 2000s, there was a much slower rate of decline
(1983–2008 slope−1.3%, p b 0.0001). Since the late 2000s, there has
been another period of more rapid decline in direct point sources
(2007–2013 slope−10%, p=0.0002), presumably related towastewater
treatment plant improvements and reductions in combined sewer
overﬂows.
The greatest point source loads of TP to Lake Erie are from U.S.
sources discharging to the Huron–Erie corridor (see Table 3), compris-
ing an average of 775 MTA or 9% of the average total load for 2003–
2013. The City of Detroit Wastewater Treatment Plant (Detroit
WWTP) contributes about three-quarters of this load. Between 2003
and 2008, its load did not change signiﬁcantly (p N 0.05). Since 2008,
however, the Detroit WWTP load has shown a statistically signiﬁcantrrors (S.E.) of the estimates. Blank cell indicates no reported load; zero indicates reported
ne rounded to nearest tenth)
2008 2009 2010 2011 2012 2013
S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E.
127 5808 53 3577 60 2676 57 5603 138 4427 178 4201 67
112 1430 39 845 43 801 86 1705 105 1469 136 1230 66
4 7 0.6 6 1 9 2 4 0.4 3 0.4 3 0.6
77 1417 45 1271 36 1113 33 1110 40 906 27 772 53
3 32 2 29 3 24 2 38 5 26 3 23 1
17 352 9 331 8 286 6 307 7 294 5 303 6
186 8662 80 5699 82 4599 108 8422 177 6806 225 6206 108
78 1064 71 1511 121 367 19 1981 440 549 48 939 105
24 232 15 379 32 80 5 611 133 311 35 618 85
1 21 1 18 0.8 21 1 17 0.6 17 0.5 19 1
3 51 3 45 5 39 2 44 2 39 2 39 2
0.0 0.6 0.0 0.5 0.0 0.5 0.0 0.5 0 0.5 0 0.5 0
2 93 3 102 3 78 2 85 3 74 2 81 3
82 1367 73 1953 125 507 20 2653 460 916 60 1615 135
128 493 148 651 144 412 84 549 86 307 48 559 139
321 321 321 321 321 321
8 240 10,843 184 8623 207 5839 138 11,946 500 8350 238 8701 222
Table 3
Total phosphorus loading estimates (MTA) to the Huron–Erie corridor (2003–2013) with standard errors (S.E.) of the estimates. Blank cell indicates no reported load; zero indicates re-
ported load is zero or rounds to zero. All values rounded to nearest whole number (numbers below one rounded to nearest tenth).
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E.
United States
Monitored Tributary 145 27 297 27 168 23 394 27 210 16 166 14 214 16 206 36 247 28 229 27 252 36
Adjustment for Unmonitored Area 145 24 344 55 175 38 332 35 159 15 123 23 202 28 317 78 281 51 270 53 283 60
Direct Industrial Point Source 4 0.6 4 0.5 4 0.5 3 0.5 7 4 3 0.5 4 1 8 2 3 0.4 2 0.2 2 0.6
Direct Municipal Point Source 773 37 837 39 903 52 926 53 965 77 969 44 822 35 710 31 685 39 513 26 421 53
Indirect Industrial Point Sourcea 2 0.0 0.9 0.05 0.9 0.6 1 0.2 1 0.2 2 0.1 1 0.1 1 0.4 0.9 0.3 2 0.2 3 0.0
Indirect Municipal Point Sourcea 36 4 51 5 50 3 47 3 60 16 60 7 52 5 38 2 49 3 49 2 43 3
U.S. Total 1067 52 1483 73 1249 68 1655 68 1342 80 1261 52 1242 48 1241 91 1216 70 1014 65 958 88
Canada
Monitored Tributary 212 74 615 53 343 19 413 83 508 62 304 35 624 53 147 10 1225 439 192 18 390 92
Adjustment for Unmonitored Area 14 2 154 32 58 13 108 41 120 19 44 4 126 20 20 3 263 91 192 33 392 82
Direct Industrial Point Source 16 2 19 2 16 1 15 0.8 15 0.7 14 0.5 12 0.5 15 1 14 0.5 14 0.5 15 0.7
Direct Municipal Point Source 45 2 44 2 55 3 51 2 48 3 44 2 39 5 32 2 36 2 33 2 33 2
Indirect Industrial Point Sourcea
Indirect Municipal Point Sourcea 42 2 43 2 43 2 48 2 44 2 48 3 56 2 34 0.9 40 2 31 1 39 3
Canadian Total 287 74 832 62 472 23 586 93 691 64 406 36 800 57 214 10 1538 448 431 37 831 123
Atmospheric 51 38 32 20 23 16 40 35 27 32 31 37 41 36 26 21 35 22 19 12 35 35
Input from Lake Huronb 366 364 354 335 325 321 321 321 321 321 321
Basin Total 1771 98 2712 98 2098 74 2616 120 2385 108 2019 73 2405 83 1802 94 3110 454 1786 76 2145 155
a Included in monitored tributary.
b 2003–2008 from Chapra and Dolan (2012); constant load used after 2008.
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a maximum of 764 MTA in 2008 to 285 MTA in 2013. The remaining
point source loads to Lake Erie (i.e., all point sources minus the Detroit
WWTP loads) have also shown a signiﬁcant decline during the same
2008–2013 period (p = 0.03), with an overall reduction of
approximately 44 MTA per year from 1144 MTA in 2008 to 816 MTA
in 2013. In other words, all point sources have been recently declining,
with the most dramatic improvements noted for the Detroit WWTP
(Fig. 5).
Total phosphorus loadings from nonpoint sources remain highly
variable from year to year (Fig. 6). For the entire record (1974–2013),
there is an overall decline of 0.4% per year that is not statistically
signiﬁcant (p= 0.4) and no breakpoint is observed. However, when the
recent record is analyzed independently, we note a statistically signiﬁcant
increase in nonpoint source loads (1999–2013 slope 4.7% per year; p=
0.026). An increase in TP loads was observed for 2000–2013 for the
Maumee River, driven mainly by increasing precipitation and riverTable 4
Total phosphorus loading estimates (MTA) to the western basin of Lake Erie (2003–2013)with
reported load is zero or rounds to zero. All values rounded to nearest whole number (number
2003 2004 2005 2006 20
Load S.E. Load S.E. Load S.E. Load S.E. Lo
United States
Monitored Tributary 2393 39 1998 48 2898 93 2256 48 39
Adjustment for Unmonitored Area 177 12 190 18 205 18 246 11 55
Direct Industrial Point Source 0.5 0.1 0.7 0.1 0.5 0.1 0.4 0.1 0.4
Direct Municipal Point Source 105 4 123 4 121 6 124 4 12
Indirect Industrial Point Sourcea 23 3 20 2 21 2 27 2 29
Indirect Municipal Point Sourcea 161 6 186 5 173 4 179 6 16
U.S. Total 2676 41 2311 51 3224 95 2626 50 46
Canada
Monitored Tributary
Adjustment for Unmonitored Area
Direct Industrial Point Source
Direct Municipal Point Source 2 0.4 2 0.3 3 0.3 2 0.3 3
Indirect Industrial Point Sourcea
Indirect Municipal Point Sourcea
Canadian Total 2 0.4 2 0.3 3 0.3 2 0.3 3
Atmospheric 111 56 70 29 50 23 86 52 59
Basin Total 2788 69 2383 59 3276 98 2714 72 46
a Included in monitored tributary.discharge (Stow et al., 2015).We note that Risch et al. (2012) also detect-
ed a 20–40 cm net increase in precipitation depth over the period 2002–
2008 for the Lake Erie region based on the analysis of data collected from
approximately 115 stations. We also found a statistically signiﬁcant in-
crease in discharge from major Lake Erie tributaries for the 1999–2013
period (p= 0.013). Therefore, we postulate that the majority of the re-
cent apparent nonpoint source loading increase is likely due to increasing
trends in precipitation and concomitant increases in tributary discharge.
To further investigate water quality trends, we calculated ﬂow-
weighted mean concentrations (FWMCs) for each tributary in each
year. These are provided in the ESM Appendix S1 and a graphical repre-
sentation of the mean FWMCs for 2003–2013 is provided in Fig. 7. The
symbol sizes in Fig. 7 represent concentrations below the median value
of the mean tributary FWMCs (small and green), between the median
and 80th percentile (medium and orange), and above the 80th percentile
(large and red). As demonstrated, the top ﬁve tributaries with respect to
FWMCs are located in the southwestern region of Lake Erie. Thesestandard errors (S.E.) of the estimates. Blank cell indicates no reported load; zero indicates
s below one rounded to nearest tenth).
07 2008 2009 2010 2011 2012 2013
ad S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E.
59 102 3982 41 2440 46 1755 32 3222 36 2615 26 2346 35
1 107 475 28 309 30 207 30 515 12 445 14 294 8
0.0 0.3 0.0 0.3 0.0 0.4 0.1 0.3 0.0 0.8 0.4 0.4 0.0
3 4 119 4 120 5 116 5 114 3 108 4 103 4
3 27 2 25 3 21 2 32 5 23 3 19 1
7 4 164 4 145 5 134 4 140 5 131 3 137 4
34 148 4577 50 2869 55 2079 44 3850 38 3169 30 2743 36
0.6 3 0.4 3 0.4 4 0.4 4 1 3 0.8 3 0.4
0.6 3 0.4 3 0.4 4 0.4 4 1 3 0.8 3 0.4
47 67 55 89 53 56 31 75 32 42 18 76 51
95 155 4648 74 2961 76 2139 54 3930 50 3214 35 2822 63
Table 5
Total phosphorus loading estimates (MTA) to the central basin of Lake Erie (2003–2013) with standard errors (S.E.) of the estimates. Blank cell indicates no reported load; zero indicates
reported load is zero or rounds to zero. All values rounded to nearest whole number (numbers below one rounded to nearest tenth).
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E.
United States
Monitored Tributary 1332 45 1474 25 1622 109 1203 52 2025 73 1660 29 923 35 715 31 1761 50 1144 23 1403 39
Adjustment for Unmonitored Area 414 14 483 9 556 73 336 15 679 29 538 14 221 9 183 17 481 30 305 7 427 22
Direct Industrial Point Source 1 0.2 2 0.4 1 0.2 2 0.6 5 0.7 3 0.4 1 0.1 0.9 0.0 0.4 0.1 0.4 0.0 0.4 0.0
Direct Municipal Point Source 222 16 287 8 262 7 270 6 273 8 263 7 265 5 231 11 255 8 230 6 194 5
Indirect Industrial Point Sourcea 6 0.5 6 0.3 3 0.2 3 0.2 3 0.1 3 0.3 3 0.3 2 0.2 5 0.4 1 0.1 2 0.1
Indirect Municipal Point Sourcea 118 9 135 3 128 3 138 4 136 3 128 4 134 4 114 4 116 5 112 2 120 3
U.S. Total 1969 49 2246 27 2441 131 1812 54 2980 79 2464 33 1410 37 1130 37 2497 58 1680 25 2025 45
Canada
Monitored Tributary 107 33 169 45 46 7 196 20 142 23 261 28 404 40 24 7 123 13 156 16 121 16
Adjustment for Unmonitored Area 36 11 70 9 33 3 44 8 53 9 63 9 84 14 20 2 116 56 33 6 61 14
Direct Industrial Point Source 0.8 0.1 0.6 0.1
Direct Municipal Point Source 4 0.4 5 0.3 0.6 0.0 0.6 0.0 0.6 0.0 0.6 0.0 0.6 0.0 1 0.1 1 0.1 0.4 0.0 0.4 0.0
Indirect Industrial Point Sourcea 0.4 0.1 0.5 0.1 0.5 0.0 0.5 0.0 0.5 0.0 0.5 0.0 0.5 0.0 0.5 0.0 0.5 0.0
Indirect Municipal Point Sourcea 0.8 0.2 1 0.1 5 0.3 6 0.4 5 0.4 5 0.3 6 0.4 4 0.2 6 0.4 5 0.4 6 0.3
Canadian Total 148 35 245 46 80 7 241 22 196 25 324 29 489 43 45 8 241 57 190 17 182 21
Atmospheric 464 114 292 59 207 47 361 106 247 97 282 112 372 109 236 63 314 65 176 36 320 105
Basin Total 2581 129 2783 80 2729 140 2414 121 3423 127 3070 121 2271 122 1411 73 3052 104 2046 47 2527 116
a Included in monitored tributary.
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ative to the Detroit River which contributes a similar load but is delivered
as a much higher ﬂow with a lower phosphorus concentration (see also
Fig. 1 of Scavia et al., in this issue).
Regression of the log-transformed FWMCs over the 2003–2013
period indicated no change for any of the 28 monitored tributaries
with the exception of signiﬁcant declines observed for the Cuyahoga
River (slope−6% per year, p= 0.002), the Ashtabula–Conneaut com-
plex (slope −16% per year, p = 0.0011), and the Grand River (Ohio;
slope =−12%/year, p = 0.0018) and a signiﬁcant increase observed
for the Portage River (slope +16%/year, p= 0.002). We did not inves-
tigate for shorter term trends or change points, nor did we examine
seasonality or changes in seasonal trends over time. However, for the
period 1999–2013, when nonpoint loads and total discharge appeared
to be increasing, the FWMCs showed a declining trend that was not sta-
tistically signiﬁcant (slope−0.9%, p= 0.084). Therefore, the detection
of loading changes that can be uncoupled from changes in precipitation
and discharge may require these FWMC assessments to be conducted
and periodically updated to report on trends.Table 6
Total phosphorus loading estimates (MTA) to the eastern basin of Lake Erie (2003–2013) and s
reported load is zero or rounds to zero. All values rounded to nearest whole number (number
2003 2004 2005 2006 200
Load S.E. Load S.E. Load S.E. Load S.E. Load
United States
Monitored Tributary 30 8 17
Adjustment for Unmonitored Area 290 12 366 7 288 4 246 5 341
Direct Industrial Point Source 0.9 0.1 1 0.2 1 0.1 0.9 0.1 1
Direct Municipal Point Source 70 3 74 3 68 3 68 3 66
Indirect Industrial Point Sourcea
Indirect Municipal Point Sourcea 2 0.1 2
U.S. Total 361 12 442 8 357 5 345 10 425
Canada
Monitored Tributary 253 24 420 39 273 25 282 28 391
Adjustment for Unmonitored Area 72 16 139 12 67 4 88 11 107
Direct Industrial Point Source 10 2 8 0.1 7 0.1 10 0.2 10
Direct Municipal Point Source 2 0.1 3 0.1 3 0.1 3 0.2 2
Indirect Industrial Point Sourcea 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Indirect Municipal Point Sourcea 45 2 42 0.3 43 0.4 42 0.5 40
Canadian Total 338 29 569 41 350 25 383 30 510
Atmospheric 186 72 117 37 83 30 144 67 99
Basin Total 884 79 1128 56 790 39 872 74 103
a Included in monitored tributary.The highest contribution of TP to Lake Erie is delivered via the
Maumee River, with a 2003–2013 average TP load of 2617 MTA. The
next highest contributing tributaries, on average, are the Sandusky
River (776 MTA), Cuyahoga River (450 MTA), Grand River (Ontario;
340 MTA), and Thames River (323 MTA). Collectively, these top ﬁve
tributaries deliver approximately half (4506 MTA) of the average TP
loading to Lake Erie (9125MTA). Most of these tributaries show no sig-
niﬁcant change in TP loads over time. Regression of the log-normalized
tributary loads over the period 2003–2013 indicated no change for
the Maumee River (slope −0.4%, p N 0.1), the Sandusky River (slope
+1.7%, p N 0.1), the Grand River (slope+3.1%, p N 0.1), and the Thames
River (slope +2.2%, p N 0.1). The Cuyahoga River has shown a signiﬁ-
cant, consistent decline for the period 2003–2013 (slope −6%, p =
0.012). As noted by Baker et al. (2014), the Cuyahoga is unique among
the rivers monitored by NCWQR in that it receives a high loading from
point sources. The Cuyahoga River TP load decline appears to be related
to both wastewater treatment plant improvements and reductions in
nonpoint source loads, as both are observed to have declined signiﬁ-
cantly over the past 11 years. Nonpoint source reductions oftandard errors (S.E.) of the estimates. Blank cell indicates no reported load; zero indicates
s below one rounded to nearest tenth).
7 2008 2009 2010 2011 2012 2013
S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E. Load S.E.
2 373 120 439 172 200 21
7 293 6 113 6 93 10 429 86 448 124 225 15
0.1 1 0.1 0.3 0.1 0.3 0.0 0.3 0.0 0.3 0.0 0.3 0.0
2 66 2 64 2 56 2 56 2 56 2 55 2
0.1 2 0.2 2 0.1 2 0.1
8 360 6 177 6 149 11 859 147 943 212 480 26
42 499 56 483 101 196 15 633 28 201 42 428 47
12 125 12 169 20 40 4 232 79 85 11 166 20
0.8 8 1 6 0.6 6 0.1 3 0.3 3 0.3 4 0.7
0.1 3 0.1 3 0.1 3 0.1 3 0.1 2 0.2 2 0.1
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.4 41 0.9 40 2 39 1 40 2 38 2 36 0.9
44 634 57 661 103 244 15 870 84 292 44 600 51
61 113 71 149 69 94 40 125 41 70 23 128 66
4 76 1107 91 987 124 487 44 1854 174 1305 218 1207 88
Table 7
Total phosphorus loading estimates (MTA) to Lake Erie (2003–2013), 95% conﬁdence
limits, standard error, and probabilities of exceeding the current GLWQA target load of
11,000 MTA.
Year Load Lower 95%
conﬁdence
limita
Upper 95%
conﬁdence
limita
Standard
error
Probability of
exceeding target
loada
2003 8024 7635 8413 193 b0.0001
2004 9006 8703 9308 150 b0.0001
2005 8892 8509 9276 190 b0.0001
2006 8617 8213 9020 200 b0.0001
2007 11,538 11,052 12,023 240 0.9845
2008 10,843 10,472 11,214 184 0.1989
2009 8623 8204 9042 207 b0.0001
2010 5839 5560 6119 138 b0.0001
2011 11,946 10,935 12,957 500 0.9671
2012 8350 7869 8831 238 b0.0001
2013 8701 8253 9149 222 b0.0001
a Based on 40 effective degrees of freedom.
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of about 5 MTA per year (p= 0.009) are evident in the data.
Of the total nonpoint source loads delivered to Lake Erie, 75% is
accounted for by monitored tributaries, with the remaining 25% com-
prising the adjustment to account for unmonitored areas. Collectively,
unmonitored areas are estimated to contribute approximately 17% of
the total load to the lake and 39% of the load that is delivered via tribu-
taries. Approximately 72%of all watershed areas aremonitored; howev-
er, this does not speak to the sufﬁciency of the monitoring data. In the
Huron–Erie corridor, an average of 66% of the area is monitored; for
the west, central, and eastern basins the monitored areas comprise
85%, 71%, and 58%, respectively, of the total area draining to the lake.
The number of samples taken in each year and the number of resulting
strata used for the calculation of the Stratiﬁed Beale's Ratio Estimator is
provided in the ESM Appendix S1 for each monitored tributary. Im-
provements to the tributary loading estimates could be achieved by
the establishment of new monitoring stations and/or the application
of watershed modeling approaches to better describe water quality in
currently unmonitored areas.
The measured atmospheric deposition of TP to Lake Erie contributes
less than 10% of the total load, even with the assumption that dryFig. 2. Trend analysis of total phosphorus loading (MTA) to Lake Erie (1967–2013). A two-segm
for 1967–1987 (solid line; p b 0.001); since that time, no signiﬁcant trend is observed (dasheddeposition equals the contribution from wet precipitation. There is a
moderately signiﬁcant (p = 0.008) increase (+1.5%) in atmospheric
deposition observed for the period 1982 to 2013; although not speciﬁ-
cally examined here, we suspect that this increase is due to an increase
in precipitation depth as noted for the region surroundingmuch of Lake
Erie for 2002–2008 by Risch et al. (2012). The implications of this in-
crease in deposition are small given the lowcontribution of atmospheric
deposition to the lake's total load. Further resolution of the atmospheric
deposition component does not appear to be warranted at this stage.
Loadings from the upstream Great Lakes are estimated to be the
smallest component of the total load of TP to Lake Erie, currently
accounting for only 4% of the total TP load to Lake Erie. However, the
modeling of interlake transfer was based on offshore Lake Huron water
quality measurements and has not been updated since 2008 (Chapra
and Dolan, 2012). The modeled load from the upstream Great Lakes
needs to be validated with the monitoring data that are being updated
from St. Clair River monitoring conducted by ECCC.
Excluding atmospheric and Lake Huron inputs, the U.S., on average,
accounts for approximately 84% of the total lake loading (yearly values
for 2003–2013 range from 74% to 90%). The mean contributions for
2003–2013 are shown in Fig. 8, by country and source category. Further
basin-speciﬁc analyses indicate that the U.S. accounts for an average of
68% of the load to the Huron–Erie corridor, more than 99% of the load
to the western basin, and approximately 90% of the load to the central
basin. In the eastern basin, contributions are more similar between the
countries, with Canada accounting for 54% of the total load on average
and the U.S. accounting for 46%.
The standard error (ameasure of precision) of lakewide TP estimates
(Table 2) ranged from 1.7 to 4.2% of the total load. These errors arewithin
the ranges reported in Dolan and Chapra (2012). Examination of the
errors associatedwith each source category reveals that the highest stan-
dard errors relative to the loads are observed for the atmospheric compo-
nent (average of SE:load for each year= 21%), U.S. direct industrial point
sources (14%), and Canadian unmonitored (12%) and monitored (10%)
tributaries. Some of the lowest standard errors (~2%) are associated
with U.S. monitored tributaries.
The high standard errors for atmospheric deposition relate to the
variability in the measurements of TP concentrations and precipitation
depth. For the monitored tributary loads, relatively high errors are ob-
served for Canadian tributaries becausewater quality data are primarilyent piecewise regression shows the breakpoint at year 1987. A signiﬁcant decline is noted
line; p N 0.05)
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Fig. 3. Percent contribution of Lake Erie's basins to the total lake load of a) total phosphorus (2003–2013) and b) soluble reactive phosphorus (2009–2013).
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was designed to examine long-term water quality trends and not to
estimate loads. The occasional capture of high ﬂow events (with insufﬁ-
cient frequency to permit the establishment of higher ﬂow strata) has
increased the standard error. The near-daily sampling of many major
tributaries in the U.S. resulted in improved accuracy and lower errors.
In some cases, however (e.g., the Huron River in Michigan), exception-
ally low variability of TP concentrations were observed, and this should
be validated with more frequent monitoring data. As mentioned previ-
ously, our error assessment relates only to statistical errors associated
with estimating loads based on the input data and do not reﬂect uncer-
tainty due to the adequacy of the underlying monitoring programs.
Because tributaries undergo wide ﬂuctuations of both water quality
and discharge, high standard errors (i.e., lower precision) may result
from increased monitoring intensities that more adequately capture
the range of water quality and discharge, and these may be more accu-
rate than estimates generated with low-frequency (yet lower error)
data. Higher errors in themselves are therefore not an indication of
poor accuracy. Rather, the greatest emphasis should be placed in
attaining a sufﬁcient frequency of monitoring and in capturing impor-
tant runoff events for the accurate establishment and tracking ofFig. 4.Mean total phosphorus loadingsloads. An assessment of the adequacy of the underlying data can be
achieved by reference to the sample counts provided for each tributary
and year in the ESM Appendix S1. For many tributaries, fewer than 12
samples are available annually; often, runoff events are not captured.
Enhanced tributary monitoring implemented during 2012 and 2013
by ECCC for the Great Lakes Nutrients Initiative will help improve the
accuracy of priority Canadian tributary estimates.
3.2. SRP loading
Soluble reactive phosphorus loading estimates for Lake Erie for the
period 2009–2013 (Table 8) ranged from 2190 MTA for 2010 to 3482
MTA for 2011, with an average loading of 2792MTA. SRP comprised be-
tween 29 and 37% of the TP load with an average of 33% and no signif-
icant change over time as determined by linear regression (p N 0.1).
Detailed information and error estimates for SRP loads to the Huron–
Erie corridor, west, central, and east basins are provided in Tables 9,
10, 11, and 12, respectively. An overview of SRP loads from the major
tributaries and the composition of the loads in each basin is provided
in Fig. 9. On average, the distribution of SRP loads by basin (Fig. 3b) is
slightly different than for TP, with a higher proportion of the load(MTA) to Lake Erie (2003–2013).
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Fig. 5. U.S. direct point source total phosphorus loading (MTA) to Lake Erie (2003–2013).
Temporal trend shows an overall reduction that is driven by loading changes from the
Detroit Waste Water Treatment Plant (WWTP).
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western and central basins are nearly equivalent (27% and 26%,
respectively), with the remainder of the total SRP load being delivered
to the eastern basin (9%).
Approximately one-half (49%) of the average total SRP load is from
nonpoint source loads via tributaries, with the majority of the remain-
der comprising point source discharges (39%) delivered either directly
or indirectly; relatively small amounts of SRP are delivered by atmo-
spheric deposition and the upstream Great Lakes (6% each; Fig. 8).
This distribution of loading contributions from the source categories
has remained consistent from 2009 to 2013. The high proportion of
point source loading, coupled with the use of a coefﬁcient (70% of TP)
to estimate these loads, results in relatively high uncertainty in the
overall estimate of point source SRP when compared to point source
TP loads.
The highest tributary contributors to the total SRP load (Fig. 9), on
average, are the Maumee River (20%), the Sandusky River (6%), the
Thames River (5%), the Rouge River (4%), and the Grand River (Ontario;
4%). There are no temporal trends of SRP loads for any of these tribu-
taries with the exception of the Cuyahoga River, which shows aFig. 6. Temporal trend in total phosphorus nonpoint source loading (MTA) frommonitored and
a statistically insigniﬁcant decline (dashed line; p N 0.1). However, an assessment of the 1999–2
tributary discharge over this period (p b 0.02; not shown).signiﬁcant (p=0.008) decline in SRP loadwith a slope of approximate-
ly 5MTA per year. Tributary loadings of SRP also account for most of the
interannual variability in the total loads.
Annualﬂow-weightedmean SRP concentrations (ESMAppendix S2)
showed no signiﬁcant change over time with the exception of the Black
River (Michigan; slope +1.2%/year, p= 0.05) and the Vermillion River
(slope +1.6%/year, p= 0.0275) which showed statistically signiﬁcant
increases for 2009 to 2013.
Point source contributions are highest in the Huron–Erie corridor
from U.S. sources, contributing an average of 15% of the total SRP load
to the lake. There has been a signiﬁcant decline in this load during the
2009–2013 period at a rate of approximately 64 MTA per year (p =
0.0018). This is an estimated rate of decline based on an assumed
SRP:TP ratio of 0.7 and the documented decline of point sources
discussed above.
The proportion of all watershed areas that are monitored for SRP
(70%) is similar to that for TP (72%), and the proportions by basin are
also similar for these two variables. We note that Ohio does not include
SRP in some of its tributarymonitoringwhich results in a lower fraction
of monitored areas for the central basin for SRP (53%) compared to
TP (71%). As for TP, this statistic does not account for the adequacy of
monitoring but only indicates if the parameter is included in the suite
of monitored analytes.
Atmospheric deposition and inputs from the upstream Great Lakes
are each estimated to contribute 6% of the total SRP loading to Lake
Erie. Recall that SRP is not measured directly in precipitation and is
assumed to comprise a constant fraction.While this may not be entirely
accurate, the signiﬁcance of this loading component is relatively small.
Because the load of TP via atmospheric deposition is based on monitor-
ing data, adjustments are not likely to result in signiﬁcant changes to the
overall SRP budget for the lake. Similar to TP, estimates of SRP inputs
from the upstream Great Lakes are based on interlake transfers using
offshore Lake Huron water quality data. Improvements to the estimates
of SRP inputs via the St. Clair River might therefore be realized by vali-
dating the incoming load with monitoring. Other improvements might
be achieved by measurement of SRP concentrations in point source
discharges; however, as noted by Baker et al. (2014), the SRP:TP in
point source efﬂuents may have declined as loadings have decreased.unmonitored tributaries to Lake Erie (1974–2013). Regression of loads over time indicated
013 data indicates a signiﬁcant increase (solid line; p b 0.03) that is likely due to increasing
Fig. 7.Mean ﬂow-weighted mean concentrations (mg/L) for total phosphorus (2003–2013) and soluble reactive phosphorus (2009–2013) in Lake Erie tributaries.
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inputs as these have declined over the same time period that Lake Erie
has re-eutrophied.
Approximately 82% of the total SRP loading is from the U.S. The allo-
cation of loads by country is very similar to that observed for TP, with a
slightly higher proportion of SRP in theHuron–Erie corridor allocated to
U.S. sources (71%; likely due to the greater importance of direct point
source loads) and a slightly higher proportion of SRP accounted for by
Canadian sources in the eastern basin (67%).
Standard errors as a percent of the total load ranged from 1.3 to 4.1%
during 2009–2013, and are in a similar range as those for TP. As also
observed for TP, the highest ratios of standard errors to loads were
observed for the atmospheric deposition component and for Canadian
tributaries.6% 6%
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Fig. 8.Mean percent contribution by source type and country for total phosphorus (TP)
loadings (2003–2013) and soluble reactive phosphorus (SRP) loadings (2009–2013).4. Recommendations and conclusions
Building upon a body of previous work, we have updated loading
estimates to Lake Erie for TP through 2013, and for the ﬁrst time, we
report SRP loads (2009–2013). The information has been interpreted
with respect to the distribution of loads by basin andby source category,
and provides country-speciﬁc allocations of these observations. The
tributary-speciﬁc loading estimates are provided in the ESMAppendices
S1 and S2, and the input data are being made available online via the
Canadian federal data portal.
In these ways, this update provides background information for
more detailed analysis and program and policy development; for exam-
ple, for the development of U.S. and Canadian Domestic Action Plans to
make progress toward the targets recently adopted under the Nutrients
Annex by the Parties to theGreat LakesWater Quality Agreement. These
targets include a 40% reduction of annual TP loadings to the central and
western basins of Lake Erie and a 40% reduction of spring loadings of
SRP from western basin tributaries (Objectives and Targets Task Team,
2015). These reductions are proposed relative to the 2008 water year,
when the total load (10,627 MTA) was most similar to the target load
(11,000 MTA) compared to other recent years. The ESM Appendices
will be useful in assessing tributary-speciﬁc targets as well as the
sufﬁciency of the underlying information that was used in developing
the 2008 estimates.
There is much additional analysis that should be conducted that lies
beyond the scope of this paper, some of which will require additional
monitoring and modeling. For example, we assume that the monitored
loads from tributaries are entirely delivered to the lake. We do not ac-
count for usage of phosphorus by in-stream processes that may occur
downstream of monitoring locations. It is known that instream usage
or sedimentation can be signiﬁcant, particularly for the bioavailable
forms (for which SRP is used here as a proxy). The work conducted by
Baker et al. (2014) indicates that TP from point sources can be highly
(N70%) bioavailable while TP from nonpoint sources is less (b45%) so,
Table 8
Soluble reactive phosphorus loading estimates (MTA) to Lake Erie (2003–2013), with standard errors (S.E.) of the estimates to Lake Erie (2009–2013). Blank cell indicates no reported
load; zero indicates reported load is zero or rounds to zero. All values rounded to nearest whole number (numbers below one rounded to nearest tenth).
2009 2010 2011 2012 2013
Load S.E. Load S.E. Load S.E. Load S.E. Load S.E.
United States
Monitored Tributary 696 19 679 15 1146 38 1078 8 888 21
Adjustment for Unmonitored Area 287 24 255 36 468 43 354 19 330 44
Direct Industrial Point Source 5 0.8 7 1 5 0.3 3 0.3 2.5 0.4
Direct Municipal Point Source 906 25 794 23 792 28 650 19 555 37
Indirect Industrial Point Sourcea 20 2 16 2 25 4 18 2 16 0.7
Indirect Municipal Point Sourcea 215 6 185 4 200 5 190 3 198 4
U.S. Total 1894 40 1735 45 2411 64 2084 28 1774 61
Canada
Monitored Tributary 497 85 99 10 530 88 163 11 310 69
Adjustment for Unmonitored Area 147 26 14 3 152 48 77 8 223 41
Direct Industrial Point Source 12 0.6 14 0.9 12 0.4 12 0.4 13 0.7
Direct Municipal Point Source 31 4 28 2 31 2 27 1 27 1
Indirect Industrial Point Sourcea 0.4 0.0 0.4 0.0 0.4 0.0 0.4 0.0 0.4 0.0
Indirect Municipal Point Sourcea 71 2 54 1 60 2 52 1 57 2
Canadian Total 687 89 155 11 724 100 280 13 574 80
Atmospheric 228 50 144 29 192 30 108 17 196 49
Input from Lake Huronb 155 155 155 155 155
Basin Total 2964 110 2190 55 3482 123 2627 35 2699 112
a Included in monitored tributary.
b Constant load from 2008 (Dolan and Chapra, 2011).
1162 M.J. Maccoux et al. / Journal of Great Lakes Research 42 (2016) 1151–1165and particulate forms can become “positionally unavailable” through
deposition of suspended solids and burial in bottom sediments. Addi-
tional monitoring and modeling are needed to understand the fate of
nutrients that are monitored in tributaries as well as in point source
discharges. Furthermore, we do not account for possible sedimentation
or other in-stream processes in the case of indirect point sources
discharges when apportioning the total loads into source categories
and calculating unit area loads.
We do not take into account that discharges of nonpoint sources are
delivered to the lake in pulses following runoff events while point
source discharges tend to occur in a more steady fashion. The computa-
tional methods used here provide estimates based onwater year and do
not lend themselves readily to calculations of seasonal loads that are re-
quired to establish benchmarks for spring 2008 and tracking of progressTable 9
Soluble reactive phosphorus loading estimates (MTA) to the Huron–Erie corridor (2009–2013)
dicates reported load is zero or rounds to zero. All values rounded to nearest whole number (n
2009 2010
Load S.E. Load S.E
United States
Monitored Tributary 96 8 85 11
Adjustment for Unmonitored Area 75 17 118 35
Direct Industrial Point Source 3 0.8 5 1
Direct Municipal Point Source 576 25 497 22
Indirect Industrial Point Sourcea 1 0.0 0.9 0.3
Indirect Municipal Point Sourcea 36 4 26 1
U.S. Total 750 31 705 42
Canada
Monitored Tributary 284 52 32 7
Adjustment for Unmonitored Area 85 20 5 1
Direct Industrial Point Source 8 0.4 10 0.9
Direct Municipal Point Source 27 4 22 2
Indirect Industrial Point Sourcea
Indirect Municipal Point Sourcea 39 1 24 0.6
Canadian Total 404 56 70 7
Atmospheric 14 13 9 7
Input from Lake Huronb 155 155
Basin Total 1323 65 939 43
a Included in monitored tributary.
b Constant load from 2008 (Dolan and Chapra, 2011).with respect to spring TP and SRP loads. Calculation of seasonal loads
remains an important area for further work.
There also remainsmuch additional work to understand how best to
accomplish loading reductions. The recommendations presented here
relate primarily to our ability to monitor and track loadings, but they
do not address the important further work that is required to under-
stand the relationships between various land uses and water quality,
an assessment of the relative contributions of various land uses to nutri-
ent loadings, or the best means of accomplishing nutrient reductions.
Clearly, much additional work remains.
Long-term (1967–2013) declining trends are observed for TP loads,
but these are driven by both early and more recent declines in point
source loadings. Recent data show no temporal trends in SRP loads. An
increase is noted in nonpoint source loads for TP since 1999, but thiswith standard errors (S.E.) of the estimates. Blank cell indicates no reported load; zero in-
umbers below one rounded to nearest tenth).
2011 2012 2013
. Load S.E. Load S.E. Load S.E.
102 14 79 4 93 20
115 32 88 19 100 44
2 0.3 1 0.2 1 0.4
479 28 359 18 295 37
0.6 0.2 1 0.2 2 0.0
35 2 34 2 30 2
698 45 527 26 489 61
321 80 59 6 186 68
65 47 54 7 165 38
10 0.3 10 0.3 11 0.5
25 1 23 1 23 1
28 1 22 0.9 28 2
421 92 146 9 385 78
12 8 7 4 12 12
155 155 155
1287 103 835 28 1041 99
Table 10
Soluble reactive phosphorus loading estimates (MTA) to thewestern basin of Lake Erie (2009–2013)with standard errors (S.E.) of the estimates. Blank cell indicates no reported load; zero
indicates reported load is zero or rounds to zero. All values rounded to nearest whole number (numbers below one rounded to nearest tenth).
2009 2010 2011 2012 2013
Load S.E. Load S.E. Load S.E. Load S.E. Load S.E.
United States
Monitored Tributary 432 14 444 7 693 30 713 4 525 5
Adjustment for Unmonitored Area 85 14 27 6 101 2 116 2 65 1.0
Direct Industrial Point Source 0.2 0.0 0.3 0.0 0.2 0.0 0.6 0.3 0.3 0.0
Direct Municipal Point Source 84 4 81 4 80 2 76 2 72 3
Indirect Industrial Point Sourcea 18 2 14 2 23 4 16 2 13 0.7
Indirect Municipal Point Sourcea 102 4 94 3 98 3 91 2 96 3
U.S. Total 602 20 552 9 874 30 906 5 663 6
Canada
Monitored Tributary
Adjustment for Unmonitored Area
Direct Industrial Point Source
Direct Municipal Point Source 2 0.3 3 0.3 3 1.0 2 0.5 2 0.3
Indirect Industrial Point Sourcea
Indirect Municipal Point Sourcea
Canadian Total 2 0.3 3 0.3 3 1.0 2 0.5 2 0.3
Atmospheric 31 19 20 11 26 11 15 6 27 18
Basin Total 635 27 575 14 903 32 922 8 691 19
a Included in monitored tributary.
1163M.J. Maccoux et al. / Journal of Great Lakes Research 42 (2016) 1151–1165was driven by increasing tributary discharges, and FWMCs show no
signiﬁcant trend over the same period. The majority of the individual
tributaries (24/28) show no recent change in TP FWMCs; a small
number (3/28) show statistically signiﬁcant improvements, and only
one shows an increase in FWMC. There is high interannual variability
in the loading record due almost entirely to variations in nonpoint
source loads delivered to Lake Erie via tributaries. Recentwork in select-
ed Lake Erie tributarieswith high-frequencymonitoring data has shown
that these interannual differences are primarily linked to variations in
discharge driven by precipitation (Baker et al., 2014). Stow et al.
(2015) successfully teased out underlying long-term and seasonal
trends, relying on the high frequency of data collection to be able to
do so.
Monitoring is warranted for all intermediate and large Lake Erie
tributaries to be able to calculate loads; to this end, we have prioritized
the tributaries included in this work and provided justiﬁcation and
several speciﬁc recommendations (see ESM Appendices). Programs de-
signed to monitor loads, and therefore capture important runoff andTable 11
Soluble reactive phosphorus loading estimates (MTA) to the central basin of Lake Erie (2009–20
indicates reported load is zero or rounds to zero. All values rounded to nearest whole number
2009 2010
Load S.E. Load S.E
United States
Monitored Tributary 163 11 148 7
Adjustment for Unmonitored Area 118 9 105 6
Direct Industrial Point Source 2 0.1 1 0.1
Direct Municipal Point Source 203 4 178 8
Indirect Industrial Point Sourcea 1 0.2 0.7 0.1
Indirect Municipal Point Sourcea 75 2 64 3
U.S. Total 486 15 433 12
Canada
Monitored Tributary 77 4 6 1
Adjustment for Unmonitored Area 21 10 3 1
Direct Industrial Point Source
Direct Municipal Point Source 0.4 0.0 0.8 0.1
Indirect Industrial Point Sourcea 0.4 0.0 0.4 0.0
Indirect Municipal Point Sourcea 4 0.2 3 0.1
Canadian Total 98 10 9 2
Atmospheric 130 38 82 22
Basin Total 714 42 524 25
a Included in monitored tributary.winter events, have recently been implemented in priority tributaries
by theUSGS and byECCC; thesemonitoring efforts need to be continued
and potentially expanded. It will be important going forward to be able
to track temporal trends, most importantly for tributaries delivering
high annual and/or spring loads for both TP and SRP. To do this, the ad-
equacy of the existing monitoring programs will need to be assessed
and new programs implemented to ﬁll important gaps. Further, it is
vital that the discharge monitoring programs continue.
We recommend that tributary water quality data should be collected
with sufﬁcient frequency and duration to provide the statistical power
to calculate loads anddetect trends.Wenote that the relatively infrequent
monitoring of tributarywater quality programs for some of the individual
States and for the Province of Ontario has been insufﬁcient for the robust
computation of loads andhas likely led to an underestimate of certainU.S.
tributaries and most of the Canadian tributary nutrient contributions to
Lake Erie.
Analysis of daily samples is recommended where feasible; at a min-
imum, themonitoring guidance for the development of a long-term and13)with standard errors (S.E.) of the estimates. Blank cell indicates no reported load; zero
(numbers below one rounded to nearest tenth).
2011 2012 2013
. Load S.E. Load S.E. Load S.E.
323 13 282 5 265 4
187 14 144 4 158 3
2 0.1 0.6 0.0 0.8 0.0
193 5 177 4 150 4
1 0.3 0.7 0.1 0.6 0.1
66 3 63 1 70 2
705 20 603 8 574 6
34 3 55 6 28 2
29 7 7 1 17 9
0.8 0.1 0.3 0.0 0.3 0.0
0.4 0.0 0.4 0.0 0.4 0.0
4 0.3 4 0.2 4 0.2
63 8 62 6 45 10
110 23 61 13 112 37
878 31 727 16 731 38
Table 12
Soluble reactive phosphorus loading estimates (MTA) to the eastern basin of Lake Erie (2009–2013)with standard errors (S.E.) of the estimates. Blank cell indicates no reported load; zero
indicates reported load is zero or rounds to zero. All values rounded to nearest whole number (numbers below one rounded to nearest tenth).
2009 2010 2011 2012 2013
Load S.E. Load S.E. Load S.E. Load S.E. Load S.E.
United States
Monitored Tributary 5 0.5 3 0.3 29 15 4 0.4 4 0.4
Adjustment for Unmonitored Area 8 0.8 5 0.5 66 25 6 0.6 6 0.7
Direct Industrial Point Source 0.2 0.0 0.2 0.0 0.2 0.0 0.2 0.0 0.2 0.0
Direct Municipal Point Source 43 1 38 1 39 1 39 2 38 2
Indirect Industrial Point Sourcea
Indirect Municipal Point Sourcea 2 0.1 1 0.1 2 0.1 1 0.1 2 0.1
U.S. Total 57 2 46 1 134 29 49 2 49 2
Canada
Monitored Tributary 136 68 61 8 175 37 49 6 97 12
Adjustment for Unmonitored Area 41 14 6 2 58 10 16 2 41 13
Direct Industrial Point Source 4 0.4 4 0.1 2 0.2 2 0.2 3 0.5
Direct Municipal Point Source 2 0.1 2 0.1 2 0.1 2 0.2 2 0.1
Indirect Industrial Point Sourcea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Indirect Municipal Point Sourcea 28 1 27 0.9 28 1 26 1 25 0.6
Canadian Total 183 69 73 8 237 38 69 7 143 18
Atmospheric 52 24 33 14 44 14 25 8 45 23
Basin Total 292 73 151 16 415 50 143 11 236 29
a Included in monitored tributary.
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Objectives and Targets Task Team (2015) should be followed by the
agencies responsible for monitoring on both sides of the border. Inter-
agency laboratory comparisons are recommended for the monitoring
programs to ensure accuracy and comparability of both TP and SRP
results.
In particular, we urgemore frequent monitoring for the Grand River
(Ohio) and Cattaraugus Creek, as these are important watersheds that
are relied upon for the extrapolation of loads for adjacent unmonitored
tributaries. Opportunities to implement monitoring in these and other
currently under- or unmonitored areas should be investigated andFig. 9.Mean soluble reactive phosphorus loapursued. As noted, certain Ohio tributaries lack SRP data; to this end,
we also strongly recommend that all tributary monitoring programs
include quality-assured SRP measurements in addition to TP.
Important assumptions that are invokedwith the scaling of loadings
require conﬁrmation. Point sources rarely provide SRP measurements
but they are assumed to be 70% of TP. As point source loads have de-
clined over time, this assumption needs to be reassessed with quality-
assured monitoring data. Reporting of combined sewer overﬂows has
been implemented and improved for the Detroit region, but they are
unreported in many other jurisdictions and may be important local
sources, particularly for SRP.dings (MTA) to Lake Erie (2009–2013).
1165M.J. Maccoux et al. / Journal of Great Lakes Research 42 (2016) 1151–1165We have reported SRP loadings for 2009–2013 but recommend the
record be expanded further back in time, as the sufﬁciency of the data
allow. Some SRP loadings were estimated as part of the Ecofore project
for speciﬁc calendar years (2005 and 2007), but this was not done over
consecutivewater years. Thiswould complement thework of Kane et al.
(2014) and Baker et al. (2014) which has demonstrated a concordance
between SRP concentrations, loads, and harmful algal blooms in the
western basin of Lake Erie. Although the relationship between SRP
and adverse impacts is complicated by the dynamic nature of SRP cy-
cling within the aquatic environment, this extension would potentially
enable the tracking of loads during the period of re-eutrophication in
Lake Erie (since the early- to mid-1990s).
The assumed constant loading from the upstream Great Lakes
(2008–2013) should be updated and the estimates should also be
veriﬁedwithmonitoring data from the St. Clair River. Similarly, loadings
calculated here for the Huron–Erie corridor should be veriﬁed with
monitoring information from the Detroit River. In the coming years,
such veriﬁcations may be possible as monitoring is currently being
conducted in these connecting channels by ECCC.
The availability of data continues to inhibit the ability to provide
timely basin-wide loading updates. Point source data are not available
online but must be requested, and the quality assurance checks are
very time consuming. For all data sources, the acquisition of the most
recent data in a timely manner can be a challenge. Due to the impor-
tance of tracking loadings over time, we recommend that the Parties
give priority to implementing the recommendations made here and to
develop the capacity and theplan to routinely update these calculations.
Thework underway as part of theGLWQAAnnex 4 tributarymonitoring
subcommittees will assist the agencies conducting the load monitoring
programs to work collaboratively to ensure that a consistent approach
and consistent level of information is achieved throughout the basin.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jglr.2016.08.005.
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